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2ABSTRACT
This investigation was performed to determine whether 
the geometrical shape of a thermocouple used to measure the 
temperature of a dynamic fluid atmosphere had any affect on 
its recovery factor and time response.
A converging nozzle was used to establish a dynamic 
fluid stream in which shaped silver solder junctions of 
copper-constantan thermocouples were tested. The velocity 
of the working fluid, air, was about 1000 ft/sec at the test 
point.
The investigation was successful, within experimental 
limits, in determining that the recovery factor of a bare 
thermocouple junction is not influenced by geometrical shape 
The results agreed substantially with available results of 
other investigators and empirical equations used to predict 
this parameter.
The findings for time response, indicate that geo­
metrical shape influences time response. The number of 
tests ran was insufficient and equipment errors coupled 
with procedural problems preclude that the degree of var­
iation could be determined with quantitive certainty. The 
procedure and equipment used, if evaluated by comparing 
the results obtained with that of accepted sources, was 
satisfactory. The test setup could be used to obtain good 
results by modifying it to reduce or account for the more 
serious errors encountered.
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7NOMENCLATURE
A - Junction surface area (ft^)
A* - Area of nozzle throat (ft^) 
c - Velocity of sound (ft/sec)
C - Specific heat (Btu/lbm-°R)
Cp - Specific heat at constant pressure (Btu/lbm-°R) 
d - Diameter of immersed solid (ft)
D - Diameter of nozzle throat (ft) 
g - Conversion ratio (32.2 lbm-ft/lbf-sec2 )
h - Surface film coefficient of heat transfer (Btu/hr-ft2-°R) 
hG - Stagnation enthalpy (Btu/lbm) 
hs - Static enthalpy (Btu/lbm )
J - Conversion constant (77$ ft-lbf/Btu) 
k - Ratio of specific heats (cv/cp)
K - Thermal conductivity (Btu/hr-ft-°R)
kp - Temperature correction factor
kp - Pressure correction factor
M - Mach Number
n - Nozzle efficiency
p0 - Stagnation pressure (lbf/ft2)
ps - Actual static pressure at exit of nozzle (lbf/ft^) 
p* - Critical pressure (lbf/ft^) 
q - Rate of heat flow (Btu/hr)
R - Universal gas constant (ft-lbf/lbm-°R)
R - Recovery factor












Adiabatic junction surface temperature (°R)
Junction surface temperature, steady state (°R)
Junction surface temperature for recovery factor (°R) 
Stagnation temperature (°R)
Free stream static temperature at exit of nozzle (°R) 




Isentropic velocity at exit of nozzle (ft/sec)
Actual velocity at exit of nozzle (ft/sec)
Density (lbra/ft3)
Mass flow rate (lbm/sec)
Emissivity of junction 
Time response (sec or hr)
Stefan-Boltzman’s constant (.173 x 10 Btu/hr-ft^-°R^) 
Absolute viscosity (Ibjn/ft-hr)
9INTRODUCTION
In modern technology, a great number of processes are 
concerned with dynamic applications of solids in compress­
ible fluids. In many of these applications it is necessary 
to know, with reasonable accuracy, the temperature of the 
free fluid stream, as well as temperatures existing in or 
at the surface of the solid, for both steady and transient 
operating conditions.
The surface temperature of a solid immersed in a moving 
fluid stream will be higher than the static temperature of 
the fluid stream. This phenomenon is commonly known as 
aerodynamic heating. Therefore, when using a device such 
as a thermocouple or thermometer to measure a dynamic fluid’s 
static temperature, it is necessary to know the relationship 
which exists between the temperature measured by the thermo­
couple and the actual temperature of the stream. A para­
meter known as recovery factor, has been developed and is 
used to express this relationship. For steady state oper­
ation, knowledge of this parameter will enable accurate 
measurement of the static temperature of a fluid in motion.
Most real applications are not steady state, but in­
volve temperature transients. The temperature of an immer­
sion type sensing device, measuring a step change in tem­
perature of a fluid, will always lag behind the temperature 
it is measuring, due to the time required for heat transfer 
to take place.
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Time response, which is a measure of the time re­
quired for a given percentage of a total step change in 
temperature to be sensed, is generally used to denote this 
lag. In many dynamic applications such as fossil fired 
boilers or steam turbines, where temperature may be a con­
trolling factor, time responses of the order of magnitude 
of several seconds will generally be adequate to control 
the operation of the equipment. This type of response 
presents no problem in the design of temperature measuring 
devices. Applications, such as control systems for mis­
siles present a situation where a small fraction of a sec­
ond could mean the difference between success and failure. 
When one considers a missile traveling at a speed of 2000 
ft/sec, one tenth of a second becomes very important.
Thermocouples, due to their versatility, low cost and 
accuracy, are probably the most widely used of the tem­
perature measuring devices available today, for low and 
medium range temperature applications. Numerous investi­
gations have been performed dealing with the recovery fac­
tor for relatively large geometrical shapes as compared 
with thermocouple junctions. In general, little has been 
done to correlate recovery factor and time response to the 
geometrical shape of a thermocouple. The purpose of this 
investigation is to determine the influence the geometrical 
shape of a thermocouple junction has on its recovery factor 
and time response in a dynamic fluid atmosphere. The worth 
of the procedure used will be evaluated by comparing the
11
results with those obtained from empirical formulas, and 
with available experimental data*
Practical use can be made of this information, since 
it will enable one to predict with reasonable accuracy a 
shape which will be most suited to the application in­
volved and to determine through experimentation the actual 
recovery factor and time response of the fabricated design.
LITERATURE REVIEW
During the past half century, many technological 
advances have been made in all the fields of engineering 
and science* The science of temperature measurement has 
in almost all cases played an important role in these 
advances. As a result, a great deal has been learned 
about temperature measurements and the different devices 
employed to obtain these measurements.
Thermocouples, which were developed as the result of 
T. J. Seebeck’s discovery of the phenomenon of thermo­
electric effect, are widely used devices in the temper­
ature measurement field. One of the reasons for this 
popularity is the great deal of information available, 
through experimental investigation, both on the properties 
of the materials used in making thermocouples, and the 
relationship which exists between temperature difference 
and developed emf of the thermocouple. At the same time, 
much experimental work has been done in the field of heat 
transfer, partly due to its primary dependance on temper­
ature and the need to know how to control the latter by 
means of It. This has resulted in such dimensionless 
parameters as Reynold’s number, Prandlt’s number, and 
Recovery Factor, which are used to relate various material 
properties or variables in dimensionless groups. The use 
of these parameters has created the need for more knowledg 
of such physical properties as thermal conductivity, vis­
cosity and specific heat. All of these quantities are
13
useful or necessary in relating neat transfer effects to 
temperature tnrough empirical formulas or expressions 
developed both through experimental results and mathematical 
analysis. With the advent of the space age, two parameters 
related to thermocouple performance, recovery factor and 
time response, which until this time had been relatively 
neglected, began to command a great deal of attention.
A thermocouple, or any immersion device, can indicate 
only its own temperature. When using a device such as this 
to measure the static temperature possessed by a moving 
fluid, inaccuracies will result. These inaccuracies are 
brought about by the recovery of only part of the dynamic 
temperature of the fluid in motion. All real fluids pos­
sess viscous properties which cause them to stick to solid 
boundaries with which they are in contact and therefore 
will possess the same velocity as the boundary. The total 
energy possessed by a fluid in motion without heat trans­
fer is given by the steady flow energy equation as the sum 
of its static enthalpy and kinetic energy.
ho “ hs + X22gJ 1
Each of the enthalpy terms is directly proportional to 
temperature and therefore the kinetic energy of the fluid 
can be expressed in terms of temperature.
v2 = Cp (T0 - Ts )
2gJ 2
In order for the fluid to come to rest at the thermo—
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couple junction’s boundary, it must change its kinetic 
energy to static energy. It is this quantity which causes 
the difficulties in attempting to measure static temper­
ature with thermocouples. If there were no heat transfer, 
and if the process was reversible, the temperature meas­
ured by the thermocouple, would not be the static temper­
ature of the moving stream, but the stagnation temperature 
of the stream. Since heat transfer does take place the 
temperature at the solid boundary will be somewhat less 
than the stagnation temperature. It is because of this 
phenomenon that the parameter, recovery factor, came into 
being.
Recovery factor which is a measure of the fraction of 
the free stream dynamic temperature rise recovered at the 
solid boundary, is defined as,
£ ~ Taw-Ts
To— I's ^
In most applications the temperature measured by the ther­
mocouple can be either taken directly as Taw, if heat 
transfer losses due to radiation and conduction to or from 
the junction can be neglected, or it can be corrected to 
Taw by taking these losses into account. Therefore the 
usefulness of recovery factor is mainly in determining 
stream stagnation temperature or stream static temperature.
An empirical formula for predicting laminar recovery 
factor in a highly compressible fluid, is given as Pri, for 
a range of Prandlt Number of .5 to 5.0. This formula was
determined through mathematical analysis, using the equa­
tions of continuity, momentum and energy, of a two dimen­
sional boundary layer over a flat plate,(3) The relation 
ship was also established experimently by Emmons and 
Brainerd as given by (2). In the latter case recovery 
factor was also a very weak function of the free stream 
Mach number, but this effect was considered negligible. 
Another expression is given by Tucker and Maslem in (13) 
as,
R = Prm
m = N+1+.528M2 3N+1+M2
N = 2.6Ri 4
Since this expression accounts for the weak effect of 
Mach number, it should be more accurate, although for air 
using a Prandlt Number of .73, at Mach Number of unity, 
they are in substantial agreement.
R - /T73 = 0.855 (Shapiro)
R = (•73)*^'23 s=f 0.875 (Tucker & Maslem)
An analysis of the recovery factor data for cones as 
listed by references, including the results of a large 
number of investigators, shows a laminar recovery factor 
range of 0.825-0.865 for cones with attack angles of 10°- 
$0° and free stream flow ReynoldTs Number of 0.086 x 10^ 
to 5*0 x 10^. Transition from laminar flow to turbulent 
flow is normally considered to occur at Reynold’s Number
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of 0.5 x 10^ to 1.0 x 10^ but either can exist beyond this 
point. (3) (2) The results listed by Rohsenow and Choi 
were obtained using models of cones, made from various 
materials, in wind tunnels. Tests conducted at the General 
Motors Research Laboratory on thermocouples with a sharply 
pointed wedge junction using 0.051” diameter wires resulted 
in recovery factors of 0.S60 for flow parallel to the axis 
of the wire for a Mach Number range of 0.40 - 1.00, and a 
recovery factor of 0.&10 for the same junction with flow 
normal to the wire axis, at a Mach Number of 1.0. (9)
The temperature of a thermocouple used to measure a 
step change in temperature of a fluid, will always lag 
behind the temperature it is measuring, because of the 
time required for heat to be transfered from the fluid to 
the thermocouple. Time response, a term used to indicate 
this lag, which is of an exponential nature, is defined as 
the time required for a certain percent of the total step 
temperature change to be sensed; the percentage normally 
chosen is 63.2 percent. The relationship which expresses 
time response is,
© = - u/CpV In (l-% response)
KI T ”
Therefore for a fixed volume-area ratio and material, the 
response of a thermocouple junction will vary inversely 
with h, the surface film coefficient of heat transfer.
The surface film coefficient is a function of many properties 
and varies greatly for different fluids. A relationship 
expressing h, for cylinders and spheres immersed normal to
a moving gas, adapted from McAdams and given by Stein (10) 
is
h = 0.26(it)-6 (C^J‘3 (K)*7 (W )*6 (X_)
(ir) (D2 ) (d-4)
This expression will be used as a comparison for the 
experimental results obtained in this investigation.
DISCUSSION
In designing the test apparatus used in this investi­
gation, primary consideration was given to two factors. 
First, the existing facilities of the Mechanical Engineer­
ing Department, with which a dynamic fluid environment 
could be established and second, the instruments that 
could be obtained for measuring the required data. Since 
the fluid was to be compressible, air was the only rea­
sonable choice available. Two large compressors are set 
up in the Mechanical Engineering Department Laboratory, 
either of which could be used individually, as their dis­
charge pipes are interconnected. They could not be used 
in combination because of the power output limitation of 
their prime mover. After examining the volumetric flow 
capacities at different compression ratios, it was decided 
that the Ingersol Rand piston compressor would be used, 
since it had the largest volumetric flow capacity for a 
given discharge pressure.
In order to determine the recovery factors of the 
thermocouple junctions, it was necessary to be able to 
determine the static temperature of the free air stream 
and the kinetic energy possessed by the stream. Since no 
way was known to measure the free stream static temperature 
directly, a converging nozzle with a known adiabatic 
efficiency was used. This unit under the proper conditions 
will deliver flow whose properties at the throat can be
19
calculated, with reasonable accuracy#
The nozzle was machined on a lathe from a bar of low 
carbon steel# This involved some practical difficulty as 
the cutting tool had to be fed in two directions at one time, 
with a varying rate in one direction with respect to the Otfto* 
other# This was required to obtain the desired contour# 
Normally a job of this nature would be done using a tracing 
attachment in conjunction with the lathe# This attachment 
would control the movement of the cutting tool and make use 
of a pattern to obtain the desired shape. Since no attach­
ment was available, the machining was done by hand using 
a specially built gage to check the contour. After three 
failures, a satisfactory piece was obtained and then pol­
ished with varying grades of emery cloth to the finish 
necessary to acquire high flow efficiency# The nozzle 
shape was based on a high efficiency design developed by 
General Electric for use as a flow measuring device, and 
is shown by figure 1. The entrance area of the nozzle 
was made large enough relative to the throat area, that 
fluid conditions at this point could be assumed as stag­
nation, with negligible error. The throat of the nozzle 
as made, was small enough so that maximum flow would be 
passed through it. For this condition the exit velocity 
of a nozzle is sonic and the following thermodynamic 
equations relate isentropic flow through the nozzle and 
the fluid properties of the stream at the entrance and
20
F l o w  N o z z l e
E ll.ipsfs  -
Ff+tMiE /
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exit of the nozzle#
(p*/p0)isen = 0.5283 @ Mach No. = 1 5
(t#/t©)isen =” 0.8333 @ Mach No. * 1 6
wisen * Po (.532) A* (1) 7
\Fo
For a converging nozzle, properly designed, the departure 
of actual flow from Isentropic flow is usually small enough 
that little error will result if the isentropic relations are 
modified by the nozzle efficiency and/or coefficient of 
performance. These two terms are defined as,
V  * , w isen
atwJact
= Vs2/2gJ 9Sp t0—t^}
It has been determined that the effect of deviation from the 
Perfect Gas equations of state based on van der Waal’s equa­
tion of state for air, and the effect of the assumption of 
constant specific heat is negligible for flow at Mach number 
of unity with stagnation temperatures of less than 1000 °R 
and pressures of less than 50 atmospheres. (1) Since the 
conditions of operation are well within these limits, these 
effects were neglected, and the following modified ideal 
fluid relations were used to establish the actual flow through 
the nozzle.
^act ~ ^isen
p* - 0.5263 p0(kp) = ps
10
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t* « O.S333 tc(kt) = tg 12
Kp and Kt are correction factors relating isentropic and 
actual conditions at the throat, which were derived using 
the nozzle efficiency equation, Mach Number relation, and 
the following perfect gas and adiabatic relations.
(steady flow) h^hg+v2 = Constant 13
2gJ
h = Cpt 14
R/J = Cp-Cv 1$
c^ = kgRt and M = v/c 16
For the nozzle used in this investigation, the nozzle 
efficiency was estimated to be 97 percent and the nozzle 
coefficient of performance, 9$ percent. These figures 
are based in part on information from (1), p. 99, and 
in part on the experience of Mr. Scofield, Professor of 
Mechanical Engineering, who has spent many years, both, 
teaching theoretical courses concerned with nozzle per­
formance and applying these principles to particular design 
applications. From the given relationships, nozzle efficiency 
can be rearranged as,
V*2(k-1)








It will be shown later that the Mach Number is unity 
at the throat but for the present it will be assumed.
For Ma —1, k =1.4, and n = 0.97,
Ps = 0.5165 p0 and kp = 0.979 
By substituting this ratio into the nozzle efficiency 
equation and using the expression,
Ma * Va/ha = l or Va = ca
the temperature ratio was calculated as,
ts = 0.8333 tG and k-t = 1.0 
This can be shown more clearly from a description of the 
process drawn on a T-S diagram, figure 2.
The air entering the 
nozzle at point o_, has 
a temperature, tQ, and 
a pressure, pQ* It is 
then expanded adia- 
batically through the 
nozzle to point a, (the 
assumption of adiabatic 
flow was made since the 
nozzle is short and the mass rate of flow high), at which 
point the temperature is ts, the pressure ps , and velocity, 
Va . If the air could have been expanded to the same pres­
sure in an ideal nozzle, the resulting temperature would 
have been t^ and the nozzle efficiency would be,
n = Cp(to~ts) = V|
M t o - t i )  Vi2
Figure 2
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At the same time, the velocity would have been and the 
Mach Number would have exceeded unity, since at point i, 
the velocity of sound would be less than V^* Since the 
nozzle was convergent, the highest Mach Number that could 
be reached was unity and therefore for either isentropic 
or adiabatic flow the temperature at the throat would be 
the same, but due to the irreversibility of the actual 
process, denoted by nozzle efficiency, the pressure ps 
will be lower than the pressure of the ideal nozzle*
In order to be able to measure stagnation conditions 
existing at the entrance of the nozzle, a tube consisting 
of a two inch diameter seamless steel pipe approximately 
one foot long was fabricated, with provisions for a pres­
sure gage, thermocouple, and for attaching the nozzle*
After these pieces were completed, they were assembled 
as shown in the schematic arrangement of test apparatus, 
figure A preliminary run was then made in order to de
determine the actual stagnation pressure which would occur 
at maximum sustained flow. The pressure measured varied with 
stagnation temperature as shown by figure 4*
From the modified ideal fluid equation, the pressure at 
the throat, p*, was calculated, and ranged from 33 to 39 
psig. The maximum allowable back pressure, i.e. the pressure 
of the air into which the nozzle was discharging, for which 
maximum flow will be passed is P** Since the nozzle dis­
charged into air at atmospheric conditions, P* was greater 
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the velocity at the throat or exit was exactly sonic; since 
this is the necessary condition for maximum flow, (1) Since 
the conditions of flow were known at the throat, the measure­
ments for both recovery factor and time response were taken 
at this point. (t* was calculated from equation 12 and Wact 
from equation 10.)
After determining the apparatus for creating a dynamic 
environment was satisfactory, the shaped thermocouple junc­
tions which were used in the investigation were fabricated. 
Gopper-constantan thermocouples were chosen primarily because 
of their ability to be joined with silver solder, which in 
turn would be easy to shape and at the same time have high 
conduction and poor radiation characteristics. Easy Flo 
silver solder (50% Ag - 15.5% Cu - 16.5% Zn - 18.0% Gd) was 
used because of its low melting point and high thermal con­
ductivity. High thermal conductivity was necessary in order 
to assume that the temperature gradient from the junction 
center to the surface was negligible; the same assumption 
used when deriving the time response equation. Low radia­
tion emissivity was desirable in order to minimize the radi­
ation losses. Two sizes of wire were used - 30 gage AWG 
(.010” dia.) for four small shapes and 24 gage AWG (.020” 
dia.) for four medium and four large shapes.
The first procedure used to solder the wire junction, 
consisted of producing small ribbons of solder and melting 
it onto the wires, which had been heated to dull red. This 
either resulted in melting the wire junction or oxidizing
the copper so badly that it became brittle and broke very 
easily. A second procedure was then developed which resulted 
in satisfactory junctions. A small puddle of silver solder 
was deposited on a smooth high temperature refractory brick. 
The thermocouple leads were then prepared, and when the 
puddle of solder had been heated to a dull red, they were 
immersed in it. A small part of the solder adhered to the 
wire and upon solidifying formed a suitable junction for 
shaping. By varying the time of immersion the junction 
volume could also be varied, within limits. The lead prep­
aration consisted of forming a bare wire junction by twist­
ing the wires one turn, trimming the length beyond the con­
tact point and coating it with silver solder flux. The 
thermocouple junctions were then ground on a very fine grit 
emery, to the rough shape desired and finished by hand with 
a honing stone. A 20 power, Bausch and Lomb brinnell micro­
scope with a tenth millimeter scale, was used to observe and 
measure the finished junction. Approximately 1/4M from the 
junction, the leads were wrapped with plastic insulating tape. 
A small metal tube approximately l/2,$ long, was inserted over 
the tape and fastened with a special insulating glue. It was 
at this point that the thermocouple was secured in an immer­
sion device for testing. This method of wrapping the leads 
was found to be necessary, through trial and error, in order 
to give the thermocouple enough rigidity to withstand the 
force imposed upon it by the high velocity air stream, and 
enough strength to keep from being damaged when secured in
29
the immersion device. The finished thermocouple is shown by- 
figure 5* Before testing any of the shapes, the thermocouples 
were calibrated by the fixed point method, using ice and boil­
ing water as the fixed reference points. The thermocouples 
were found to be in error by less than 0.75% with reference to 
the fixed points and less than 0.19% relative to each other. 
This error was neglected in the calculations, since temper­
ature ratios were used and the effect of the errors would 
be negligible. The four different shapes used for each 
size were a cone, cylinder, button, and sphere. The dimen­
sions of each are given by figure 6. The junction volumes 
ranged from 12.3 to l6.$ x 10~^ cu in for the small thermo­
couples, and from 117.0 to 165.0 x 10"^ cu in for the 
large ones. The cone, button and sphere were tested immersed 
parallel to the stream flow, and the cylinder, normal to it. 
These geometrical shapes were chosen because they are common 
solids of revolution and some recovery factor information 
was available on similiar shapes of relatively larger size 
with which to make comparisons. The junction shapes were 
reasonably true, considering that they had to be ground by 
hand, but there was some dimensional variation. Average 
values were used when determining junction volumes and 
surface areas.
In order to measure the time response of the thermo­
couples it was necessary to build a device which would hold 
the junction out of the stream directly above the nozzle 
exit and then at a given signal, permit it to be immersed
30
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Cone - 1.7 mm lg* x 0.6 ram dia.
Cylinder - 1.6 mm Ig. x 0.4 am dia*
Button - 1.0 ram dia. x 0.7 mm th* (parabolic) 
Sphere - 0.& ram dia.
Medium junctions:
Cone - 2.9 mm lg. x 1.2 ram dia.
Cylinder - 3.6 mm lg. x 0.6 mm dia.
Button - 1.9 ram dia. x 0.75 mm th.
Sphere - 1.3 ram dia.
Large junctions:
Cone - 3*4 mm lg. x 1.6 mm dia.
Cylinder - 5.0 mm lg. x 0.7 mm dia.
Button - 2.5 ram dia. x 1.1 mm th.
Sphere - 1.7 mm dia.
Figure 6
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into the flow. At first it was thought that a stop watch 
and a potentiometer, preset to the required temperature, 
would be sufficient. After some preliminary calculations 
using assumed values of surface coefficient it was found 
necessary, because of the fast time response, to go to 
instrumentation which would record time and temperature 
simultaneously. A Brush, recorder, coupled with a high 
gain d.c. amplifier was checked out in the Mechanical 
Engineering instrumentation laboratory and found to be 
satisfactory. At sensitivities as high as .02 mv/chart line, 
no serious level of noise interference was picked up by the 
recorder. The time response test was to have consisted of 
measuring the time required for the thermocouple junction 
to sense 63.2$ of the step change in temperature from room 
temperature to stream temperature.
By controlling the cooling water to the air compressor 
and running it until it came to equilibrium, a temperature 
of 120 °F at the junction would be reached. As room tem­
perature was usually around 80 °F, this would allow a tem­
perature range of 40 °F for measurement. A copper-constantan 
thermocouple produces an emf of 0.024 mv/°F change and at
0.02 mv/chart line sensitivity, the time response curve would 
have covered about 45 lines on the chart paper. This would 
have been more than sufficient to obtain good results.
The instrument was then brought down to the test area 
and set up for a trial time response run. But with the re­
corder set up in the test area and with the compressor and
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driving motor operating, the highest satisfactory sensitivity 
that could be obtained, due to stray mechanical and electrical 
interference picked up by the recorder, was 0 .5 mv/chart line. 
This meant then that the response curve would cover little 
more than a single chart line, which was certainly not suffi­
cient for good results. Several methods were employed, to 
reduce the pen drive interference pickup, but all gave nega­
tive results except one. By grounding the amplifier and 
recorder cases to ground through a 30 micro-farad condenser, 
the useable sensitivity was increased; but only to 0.2 mv/ 
chart line. This still was not satisfactory. The only 
alternative left was to heat the thermocouple several hun­
dred degrees fairenheit and then measure the time required 
to register 03.2% of this step change in temperature. It 
had been hoped that this could have been avoided since it 
increased the conduction and radiation losses, and made the 
results less accurate. The heating cycle was attained by 
changing the straight drop immersion device to one that 
pivoted in an arc. An electric soldering iron was used to 
supply the heat. The device is shown by figure 7. The ther­
mocouple was fastened at tne metal tube as shown and the 
adjustment screw used to position tne ^uncuion at the nozzle 
throat. The arm was rotated 120° away from the nozzle and 
held in this position by the trip pin. The soldering iron 
was then brought to within approximately 1 /3 2” of the junc­
tion for heating. When the recorder indicated that the 
junction was at a high enough temperature to obtain a large
7 W *rP  M  O C G  U  P L E  X m m E P S / O A /  D E V I C E
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temperature change, the arm was released and the force of the 
spring tension immersed it, in a fraction of a second, in the 
air stream at the throat; the rate of temperature change be­
ing recorded as a smooth curve by the Brush recorder*
In deriving the time response equation, an assumption 
was made, that the time required to immerse the thermocouple 
junction in the air stream was negligible* In order to de­
termine if this assumption was valid, the actual time re­
sponse had to be determined for the spring loaded pivot arm 
under operating conditions. This presented a small problem, 
since the equipment was situated in such a way that a stand­
ard procedure, such as with micro switches and a time measur­
ing circuit, could not be used. The problem was resolved in 
the following manner* An insulated copper wire was connected 
to the thermocouple’s constantan wire junction and fastened 
to the nozzle at the normal point of contact between the 
pivot arm adjusting screw and the nozzle* The wire was 
insulated from the nozzle but exposed to the adjusting screw* 
With the thermocouple in the heating position, the recorder 
traced a smooth curve* When the pivot arm was released the 
normal curve was traced until the thermocouple reached the 
test position at the nozzle exit at which time it was 
shorted out through the adjusting screw and a regular 60 
cycle interference pattern was recorded* Figure SA shows 
a normal time response curve. Figure SB shows the curve 
traced using the method described. The chart speed during 




was 0.3 bv/ chart line. With the aid of the 20X microscope, 
need to measure the junction shapes, the time response of 
the pivot arm was determined from this curve to be less 
than 0 .0 0 1 second or approximately l/60th of the smallest 
time response measured.
To obtain the data necessary for calculating recovery 
factor, defined in the literature review as,
R = **aw ~ ts 
*o “ ts
it was necessary to measure the temperature reached by the 
thermocouple immersed in the air stream at the nozzle exit 
and the stagnation temperature Ts was calculated from equa­
tion 1 2 . The thermocouple was supported in the device used 
in the time response tests and the shaped junction approxi­
mately centered at the nozzle throat. For low flow Reynold 
numbers, velocity distribution normal to the flow stream 
will be approximately parabolic. At high velocities, the 
distribution curve flattens and above sonic it is reasonably 
flat except at the ends. Therefore, by approximately center­
ing the junction, the velocity was the same (for the same 
stagnation temperature) for each of the thermocouple shapes 
tested. The temperatures of both the junction and stagnation 
condition of the air were measured with a Minneapolis Honey­
well potentiometer using a reference junction immersed in ice 
water. This same reference junction was used in measuring 
time response.
The final procedure used in obtaining both recovery
factor and time response can best be stated in sequential 
form as follows:
Recovery Factor:
1 ) The compressor was started and a steady state flow 
through the nozzle was established. At the same time the 
potentiometer was stabilized and adjusted.
2 ) The thermocouple junction was centered at the nozzle 
throat with the leading edge at the throat cross section.
The constantan leads of the shaped thermocouple and its 
reference thermocouple were connected.
3) The stagnation thermocouple ahead of the nozzle was 
connected to the potentiometer and the stagnation tempera­
ture emf measured and recorded. The stagnation pressure- 
temperature relationship had been established previous to 
the testing and therefore the stagnation pressure did not 
have to be recorded.
4) The stagnation thermocouple leads were disconnected and 
the shaped junction leads connected and the emf measured and 
recorded.
5) The stagnation junction emf was then measured again.
This same procedure was used for each of the junctions 
tested. The two readings for stagnation temperature, the 
time before and after the shaped junction temperature measure­
ment being approximately the same, were averaged and this 
value for stagnation temperature was used in calculating 
recovery factor.
This was necessary as no attempt was made to hold the
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stagnation temperature constant. A total of nine runs were 
made for each junction tested. The average of these tests 
was taken as the experimental recovery factor for the shape 
tested.
Time Response:
1) The Brush recorder and d.c. amplifier were turned on and 
allowed to stabilize. The instruments were then calibrated. 
Steady flow throughout the nozzle was established.
2) The thermocouple was installed in the trip mechanism 
and adjusted so that the leading edge of the junction was 
approximately at the nozzle throat. The leads were then 
connected to the input therminals of the d.c. amplifier, 
which in turn was connected to the Brush recorder. The 
stagnation thermocouple was connected to the potentiometer 
and stagnation temperature was recorded.
3) The pivot arm was then rotated approximately 120° out 
of the air stream where it was held against spring tension 
by a trip pin.
4) Heat was then added to the junction by means of an elec­
trical soldering iron and the temperature increase recorded 
on the Brush recorder with a chart speed of one mm/sec.
5) The sensitivity of the recorder and amplifier was then 
adjusted so that the response curve would cover a major por­
tion of the chart.
6) When the temperature of the tip stabilized the recorder 
chart speed was changed to 1 2 $ mm/sec. and the trip pin 
pulled. This released the pivot arm permitting it to rotate
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at high speed to its stop position at the nozzle, thus im­
mersing the junction into the air stream at the nozzle throat 
almost instantaneously. The rate of the thermocouple temper­
ature change in the fluid stream was plotted by the recorder 
as a smooth curve, from which the time response was determined. 
(7) The recorder chart speed was held at 125 mm/sec. until 
the thermocouple junction had stabilized at the stream tem­
perature.
The recorder-amplifier was used at two different sensi­
tivities, 0.2 and 0.5 mv/chart line, for each of the shapes. 
This was done for comparison purposes, as each had a distinct 
advantage over the other. At the low sensitivity setting a 
smooth line curve was produced which could be read quite 
easily but only to an accuracy of + 2 degrees. The high 
sensitivity could be read to an accuracy of a degree but 
due to stray interference picked up by amplifier at this 
setting, the curve produced had an irregular oscillatory 
wave pattern which varied over a range of approximately + 3 
degrees. Although an average of five values was used to 
determine the time response for each shape, it was felt 
that greater accuracy would result from using a combina­
tion of sensitivities. For these time response measurements, 
a cooler which was in the air discharge line ahead of the 
nozzle was used to hold the stagnation temperature approxi­
mately constant. This was necessary in order to calculate 
the surface film coefficient of heat transfer from the 
McAdams* equation given in the literature review, the values
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calculated from this equation were used as a comparison with 
the experimental results obtained for the spherical and cylin- 
derical shapes. The junctions tested for time response were 
the same as those used in the recovery factor tests. Five 
response curves were obtained for each of these junctions 
and the average value taken as the time response.
The barometric pressure recorded for each test period 
was obtained from the barometer located in the Physics 
Department.
The data measured during the tests, for recovery factor, 
is given in tabular form by tables 1 to 3. The thermocouple 
emfs were converted to temperatures using conversion tables 
of Leeds and Northrup.
The heat transfer effects of the thermocouple junction 
were neglected when calculating recovery factor and the tem­
perature of the junction taken as adiabatic. This was done 
because of the many assumptions that would be necessary in 
order to calculate these losses; with a possible result of 
not diminishing the error. From information available on 
heat transfer effects of bare thermocouple junctions in fluid 
streams, the temperature error due to these losses is generally 
substantial at low flow but quite small at a flow Mach Number 
of unity, compared to the dynamic temperature rise at the 
solid surface. (9) p. 567 For a relative comparison, neg­
lecting these losses should have a negligible effect, since 
the losses will be approximately the same for each shape. If 
the actual recovery factor is desired though, these losses
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would have to be accounted for.
From the data of tables 1 to 3 the recovery factor for 
each of the shaped junctions was calculated as follows: 
taw ~ tj 
ts = 0.3333 tG
r = ^aw “
■  ^
These calculated results are also shown in tables 1 to 3 .
The average value for each junction was determined and the 
results for all the shaped junctions tested are given com­
paratively by table 4.
The time response data obtained from the tests is shown 
in tabulated form in table 5. One test curve, for each of 
the junctions tested, is shown for comparison by size in 
figures 9 to 11. These curves are indicative of all curves 
obtained. Since the surface area and volume for each of 
the junctions differed some, in the same size range, the 
resultant time responses were plotted versus the area-volume 
ratio of the junctions and connected by straight lines. By 
these straight lines, an approximate comparison of the time 
response of the junctions tested can be made. No attempt was 
made to obtain a smooth curve relationship for the data, as 
there was an insufficient number of points with which to 
establish a curve. Table 6 gives the area, volume, and 
area-volume ratio of each of the junctions. The plotted 
results of time response are shown by figure 1 2 .





















1.210 546.7 1 .855-1 .927 558.4 87.4
1.230 547.6 1.927-1. 944 559.9 87.0
1.298 550.5 1 .970-2 .005 561.6 83.11.710 563.2 2 .576-2.708 584.1 83.71.710 568.2 2 .600-2 .650 583.5 84.4
1 .720 568.7 2.650-2.678 584.8 33.6
1 .7 5 6 570.2 2 .602-2 .715 584.6 85.3i.3oo 572.0 2.336-2. 367 591.0 80.8
1 . 8 1 1 572.5 2.715-2. 781 587.6 84.5
1.242 548.0 1.950-2. 050 562.0 85.0
1.290 550.1 2.050-2. 106 564.6 34*6
1.640 565.3 2.560-2 .643 582.8 82.0
1.645 565.5 2.370-2. 470 576.3 88.8
1.655 566.0 2.649-2. 630 584.8 81.0
1.690 567.4 2.470-2. 530 579.2 87.8
1.345 574.0 2.730-2. 810 588.3 85.5
1 .875 575.3 2 .810-2 .870 590.7 34.4
1.925 577.4 2 .873-2.900 592.2 85.0
1.56 7 562.2 2 .140-2 .220 568.3 93.6
1.588 563.0 2 .220-2 .310 571.2 91.5
1.640 565.3 2.379-2. 415 575.6 89.1
1.662 566.2 2.415-2. 461 576.9 89.21.730 569.1 2 .520-2 .561 580.7 88.0
1.855 574.4 2 .600-2.640 583.3 90.8
1.369 575.0 2 .640-2 .672 584.5 90.3
2.006 530.3 2.878-2.976 593.6 87.1
2.070 583.5 2 .976-3 .055 596.6 36.3
1 . 6 1 2 564.0 2.450-2. 555 579.2 84.3
1.690 567.4 2.555-2. 650 582.7 84.21.750 570.0 2.632-2. 695 585.7 83.7
1.760 570.1 2.707-2. 742 586.3 82.91.770 570.3 2 .695-2 .708 586.1 84.11.783 571.1 2 .665-2 .690 585.3 85.71.805 572.3 2 .690-2 .720 586.2 85.8
2.010 581.0 2.900-3. 025 594.8 86.2







1.367 553.5medium 1.380 554.0





1.415 555.7medium 1 .665 566.3cylinder 1.730 569.11.790 571.71.886 575.71.972 579.4
1 .9 35 580.0
1.988 580.0
0.972 536.2




1 . 1 5 8 544*4
1.443 556.8medium 1.495 559.0sphere 1.570 563.2
1 . 8 1 2 572.6
1 .3 5 8 574.5
1.907 576.4
1.960 578.9
1 .9 6 7 579.1
Stagnation Temp. Recovery-
mv.-range °R Factor
2 .090-2.180 566.7 84.82.227-2.310 571.4 8 1 . 1
2.180-2.225 569.1 84.2
2 .460-2.597 580.2 78.7
2 .597-2.674 533.9 77.52.545-2.572 531.3 80.83.040-3.070 597.8 83.9
3 .070-3.080 598.5 83.5
3 .080-3.100 599.3 83.O
2 .026-2.100 564.3 87.0
2 .IOO-2.I4O 566.2 88.8
2 .675-2.700 585.6 80.2
2 .700-2.780 537.4 80.4
2 .855-2.868 591.4 80.02.719-2.827 539.0 86.5
3.010-3.045 596.9 82.5
2.925-2.944 593.8 86.23.045-3.058 597.7 82.3
1 .550-1 .6 10 547.6 87.5
1 .890-1 .950 559.3 88.2
2 .860-2.935 592.5 82.82.777-2.990 592.1 83.42.755-2.920 590.6 35.9
2.935-3.075 596.1 8 1 .2
2 .920-2.981 594.3 83.5
3.075-3.093 599.1 81.73.093-3.110 599.5 82.0
1.385-1.978 559.7 83.7
2.248-2.295 571.4 84.62.450-2.510 578.3 30.02.574-2.620 582.6 79.4
2 .665-2.786 536.9 85.32.786-2.865 590.2 85.32.345-2.928 592.3 83.9




Junction June. Temp. Stagnation Temp. Recove:
Shape mv. °R mv•-range °R Factor
1 .030 538.8 1 .665-1 .7 2 0 551.4 84.5
1.093 541.6 1 .765-1 .8 1 0 554.6 3 3 . 1
large 1.240 543.0 1.935-2.005 561.5 85.6button 1.266 549.1 2.065-2 .13 4 565.3 82.9
1.285 550.0 2 .005-2.026 562.5 86.7
1.460 557.5 2.405-2.436 576.3 80.5
1 .5 7 6 562.6 2 .500-2.585 580.7 8 1 .4
1.680 567.0 2.660-2.690 585.0 82.2
1.771 570.8 2.780-2.805 588.8 8 1 .6
1.001 538.5 1 .665-1 . 7 1 5 551.3 86.8
1.095 541.7 1 .308-1 .852 556.2 84.5
large 1 . 5 1 2 559.3 2.235-2.300 571.2 88.0cylinder 1.550 560.3 2.300-2.352 573.2 86.6
1.715 568.5 2 .595-2.535 582.3 85.81.770 570.9 2.585-2.665 583.5 8 6 .1
1.940 578.0 2 .850-2.935 592.5 85.3
2.003 580.7 2 .935-2.996 594.9 85.7
2.040 582.5 3.045-3.070 597.9 84.5
1.155 544.3 1 .806-1 .3 3 0 555.5 88.0
1.670 566.6 2.620-2.690 584.5 8 1 .8
large 1.740 569.5 2.570-2.685 583.5 85.7cone 1 .76 5 570.5 2 .706-2.800 587.8 82.31.770 570.9 2.685-2.705 585.9 84.5
1.315 573.7 2.800-2.850 590.2 83.2
1.859 574.6 2 .880-2.910 592.5 81.9
1.865 574.8 2.847-2.865 591.3 32.8
1.880 575.5 2.910-2.937 593.5 8 1.8
1.425 556.0 2.335-2.390 576.6 80.6
1.678 567.0 2.725-2.745 587.2 79.3
large 1.677 566.9 2.304-2.390 573.9 92.7
sphere 1.740 569.5 2.390-2.431 576.0 93.2
1.947 578.3 2.375t2.930 592.7 85.5
1.965 579.0 2.930-2.962 594.2 84.7
1.930 579-7 2 .962-2.980 595.0 84.6
1.995 580.3 2.920-2.958 594.0 86.3























TIME RESPONSE DATA (1/125 sec)* 
Junction Shape
Cone Button Cylinder Sphere
33.0 32.0 17.0 34.0
3 2 .0 32.0 1 5 . 0 3 1 . 0
35.0 32 .0 15.5 30.0
30.0 33.0 16.0 32.5
30.0 3 1 . 0 1 5 . 0 3 1 . 0
2 2.0 23.0 14.5 2 5.0
23.5 23.0 14.5 23.5
2 3 .0 22.5 14.5 23.5
24.5 24.5 1 5 . 0 26.0
— 23.5 14.5 25.0
1 1 . 0 9.0 8.5 11.5
11.5 9.0 7.0 1 1 . 0
11.5 9.0 8.0 1 3 . 0
1 1 . 0 10.5 8.0 10.5
1 1 . 0 10.5 7.5 1 2 . 0



















Response Volume Area Volume
sec. 2m . 2m .  * 1 /in.
0.2500 .000139 .0168 120.5
0.2560 .000165 .0165 1 0 0 .0
0.1255 .000117 .0182 155.5
0.2535 .000157 .0134 85.5
0.18 60 .0000668 .01072 1 5 6 . 00 .1 8 6 4 .0000652 .00902 1 3 8 . 00 .1 1 6 8 .0000624 .0114 1 8 3 .0
0 .1 9 7 0 .0000703 .00<330 1 1 8 . 0
O .O 896 .0000133 .00354 264.0
0.0768 .0000155 .00332 2 1 4 . 0
0.0624 .0000123 .00351 285.0
0.0929 .OOOOI64 .00322 1 9 6 .0
Table 6
TIME RESPONSE CURVES - Small Junctions
Figure 
10
TIME RESPONSE CURVES -  Medium Ju n c t io n s
TIME RESPONSE CURVES - U r g e  Ju n c t io n s
Area
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for the spherical and cylinderical shapes to determine the 
magnitude of this value obtained in the tests. These values 
could then be compared to calculated results from an accepted 
empirical equation used to predict film coefficient for these 
same geometrical shapes in a similar test environment.
The equation used to determine the surface film coef­
ficient, h, for each of the shapes was derived from two basic 
heat transfer relationships, with the assumption that the 
temperature gradient existing across the solid was negligible. 
The heat transfered across the boundary layer at the surface 
of the solid can be expressed as,
q = hA(t-tf) 19
where t is the temperature of the solid’s surface, and tp 
is the steady state temperature of the fluid molecules 
arrested at the solid’s surface. The second basic equation 
is that which expresses the heat entering or leaving a volume 
at any time Q.
q = - CwV dt dQ 20
If the radiation and conduction losses are considered negli­
gible, the heat transfered across the boundary layer will 
equal the heat lost from the volume, and 




CwV (t-tf) = 0
If the substitution, T = (t-tp), is made, then
dT 4. hA / m \ q
dO CwV v '




dT = - hA d©
T CwV
InT = - hA © + Cn 
Cw7 1
ln (t - tf) = - hA © + C-i
CwV
At the time © = 0, t = tj_; and therefore the constant of 
integration is determined to be,
Cq = In (ti - tf)
since the time required to immerse the thermocouple junction 
was considered negligible. The particular solution then is,
In t ~ tf
t± - tf




In t - tf
ti “ f
21
By definition, for a 63.2% time response,
tj_ - t = O .632 (t± - tf) 
and t - tf = 0.363 (tp - tf)
Then equation 21 becomes,
h . _ g * ln tf) - CWV ( I \
CwV
A© 22
Since h will vary around the surface, this equation will 
give the effective value of h, over the entire surface area, 
which is the value of importance when determining the time 
required for the thermocouple junction to sense a step 
temperature change.
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The error which will arise due to the two assumptions 
made in deriving this equation should have a negligible effect 
on a relative comparison of the time responses of the different 
junctions for each particular size. But because of the varia­
tion in the ratio of junction volume to thermocouple wire 
diameter for the three sizes, and the large temperature gra­
dient existing between the junction and its surroundings, the 
second assumption will produce a substantial error when making 
a comparison between the junction time responses of the differ­
ent sizes.
The radiation loss can be approximated by considering the 
junction as a very small volume completely enclosed by a large 
sphere — the surroundings. For this case the heat transfered 
is expressed by the equation,
q = -4"A Fe fa (t4 - tsur4)
where Fe = , and F4 = 1 Ref. (5)
The conduction losses would be very difficult to calculate 
accurately. Heat conducted through the wires would be given 
off by convection from the exposed leads to the fluid stream, 
by convection to the disturbed air above the stream, by con­
duction to the thermocouple support arm and to the thermo­
couple terminal junctions. To determine the convection losses, 
the surface film coefficients would have to be known for the 
disturbed air above the stream and the fluid stream beyond 
the junction which could be laminar or turbulent, depending 
on the geometrical shape of the junction. Also the thermal 
conductivity of the insulating materials used would have to
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be known and the variation in thickness of the insulating 
glue would have to be approximated. Another factor that 
would be significant, would be the change in the properties 
of the wires brought about by the heat applied to the wires 
when forming the junctions. No attempt was made to correct 
the experimental results by considering these losses, as the 
results would be hard to justify because of the many assump­
tion which would have to be made.
If the McAdams equation for predicting surface film 
coefficient, which was given in the literature review, can 
be considered correct, the results obtained from the inves­
tigation, neglecting all losses and other errors due to 
equipment, observations and geometrical shape variations, 
have some merit as they are in the same general area as the 
values calculated from this equation. The values calculated 
using the McAdams equation are shown as a smooth curve by 
figure 13• The experimental surface film coefficients for 
the spherical and cylindrical junctions from this investi­
gation are given in table 7 and were plotted on this same 









sphere 545.0 508.0 649.0




The results obtained for recovery factor indicate that 
geometrical shape of thermocouples has little or no' influence 
on this parameter. Although some variation is present, for 
the different shapes, it is random and therefore indicates 
that it is due to errors rather than geometrical shape.
Before it can be stated with certainty that geometrical shape 
does not influence this parameter even in a small way, more 
accurately shaped junctions would have to be used and also 
the many errors involved would have to be accounted for or 
eliminated. Probably the greatest error involved in the 
results obtained for recovery factor from a relative point 
of view, lies in the assumption that the heat transfer losses 
for the different sizes are the same and therefore negligi­
ble, since the greatest loss would be due to conduction 
which depends on the ratio of the junction volume to thermo­
couple wire diameter which varied for each case. The results 
of this investigation agreed quite well with the recovery 
factors obtained by other investigators, listed in the 
literature review. They also agreed within approximately 
+ 4% with the empirical equations cited for determining 
recovery factor. Therefore it is felt that the procedure 
and equipment used are satisfactory for obtaining recovery 
factor experimentally, if results of the accuracy stated are 
satisfactory. If more accurate results are needed, then the 
same equipment and procedure could be used, but errors would 
have to be accounted for.
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The results obtained for time response would seem to 
indicate that geometrical shape does influence this param­
eter, but in order to state this with any degree of certainty, 
more data would have to be obtained and more care taken so 
that errors involved would be eliminated or accounted for.
The results of the investigation show that for a given 
junction area-volume ratio, the cylindrical shape gave 
the most rapid response for ratio up to 160 sq in/cu in.
The spherical shape was best for ratios greater than this.
The poorest response was obtained by the conical shape.
Although the results obtained should certainly prove 
worthwhile from an engineering point of view, it is felt 
by the author that the primary benefit of this investigation 
was the experience gained for conducting further investiga­
tions and a better understanding of the physical concepts 
and thermodynamic relationships involved in this thesis.
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